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The scientific, technical, and sociopolitical challenges of finding a secure site for a geo logical repository for radioactive wastes have created a long and stony path for many coun tries. Japan carried out many years of research and development before taking its first steps in site selection.
The Nuclear Waste Management Organization of Japan (NUMO) began looking for a high-level waste repository site (HL\^ vitrified residue from reprocessing power reactor fuel) 2 years ago. Over the next 10-20 years, NUMO hopes to find a site to dispose of -20,000 tons of HLW in a robustly engineered repository constructed at a depth of several hundred meters, Demonstrating long-term waste containment is the basis of extensive research and develop ment internationally In addition, Japan has to tackle the issue of tectonic stability more broadly than other national programs. Tectonically Japan (Figure 1) is not an obvious choice for siting a repository that needs to provide passive isolation for at least some tens of thousands of years.
NUMO is also breaking new ground by seeking volunteer communities to host the repository It has solicited offers from all municipalities in the country Any volunteer will be evaluated for suitability, provided it meets simple criteria designed to exclude areas that would be obvi ously geologically and technically unsuitable [NUMO, 2004] .
While the possibility of indirect impacts will always need evaluation in a comprehensive, scenario-based safety assessment, a repository will be located to avoid direct penetration by volcanic intrusion or major disturbance by rock deformation over the timescale of concern. The first-cut avoidance criteria are straightfor ward. Sites within a 15-km-radius circle around a volcanic center recorded in the "Catalogue of Quaternary Volcanoes" are excluded. An area cannot include an active fault (a seismogenic fault with surface expression, active within the late Quaternary, recognized from national onshore and offshore maps). Sites can also be eliminated if they have high uplift rates, contain inappropriate rock formations, or contain mineral resources.
Sites could pass the exclusion but still be in areas potentially subject to volcanic activity or significant crustal deformation over the timescale of concern; the national authorities guiding NUMO focus on a period of a few tens of thousands of years. Repository disruption over the first thousands of years after disposal could mobilize unacceptable levels of radioac tivity and must be avoided, but after a few thousand years, HLW radionuclides decay to an overall level of radiotoxicity similar to ura nium ore bodies.
Over 100,000 years, the broad tectonic regime of Japan is not expected to change much, simplifying the task of safety assessment and providing a reasonable time envelope within which to evaluate tectonic stability (as Japan develops its regulations, the United States is reassessing its own "10,000 year" com pliance approach to performance timescales for its proposed Yucca Mountain repository).
NUMO is bringing together experts from the Japanese and international communities to develop a systematic methodology to estimate the likelihood and nature of future volcanism and rock deformation that might affect potential sites. 
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Avoiding Volcanic Impacts
With over 300 Quaternary volcanoes, many areas of Japan are excluded.The "first-cut" 15-km exclusion zone is based on evidence such as positions of satellite vents and dikes. Whether a new volcano could form in the next tens of thousands of years in an area with no Quaternary activity is a key issue. Much of the central axis of Japan would raise siting issues if volcanoes were spaced randomly, but there is emerging evidence that some regularity occurs in their distribution.
First, there is a well-defined volcanic front, with most Quaternary-to-recent volcanoes occurring in a ~100-km-wide zone behind it and no active volcano in the fore-arc regions. Most volcanoes are polygenetic stratocones and shield volcanoes, with several large caldera complexes. Farther behind the front are both polygenetic volcanoes and scattered monogenetic volcanoes.
Second, Tamura et al. [2002] identify correla tions between volcano locations and prominent geophysical and geomorphological features. They divide the volcanoes of NE Honshu into ten "clusters" associated with areas -300-500 m topographically higher than "volcano-free" regions in between. Clusters correlate with gravity lows and possibly with seismic tomo graphic anomalies in the mantle wedge which, they speculate, are hot-mantle fingers that have controlled the distribution of Qua ternary volcanism.Some gaps between clus ters are as much as 70 km wide. If it can be shown that they have not experienced volcanism and have been stably located through the Quaternary, volunteer sites within them (with otherwise favorable characteristics) might be suitable.
Excluding the possibility of future volcanism in the next several tens of thousands of years will require rigorous approaches, providing a high level of confidence. An empirical approach interprets information on volcano distribution and characteristics via geological models. How robust are the models for predictive pur poses? The model with arc volcanoes caused by melting of the mantle wedge above the subducting plate at depths of 85+ km commands wide support and explains the sharpness of the volcanic front. A change in the position of the descending plates (and the front) is unlikely over a few hundred thousand years.
A geological model for volcano spacing is more difficult.The empirical evidence for clustering is compelling, but the cause is less certain. Confident predictions of whether new volcanoes can form in the gaps are harder to make. Alternative hypotheses and interpreta tions must be explored; for example, clustering might reflect fracturing of arc crust normal to its length and focusing of melt flows beneath these weak zones; the absence of volcanism in gaps could be an artifact of geological preservation.
Statistical methods can reveal whether vol cano spacing is random or distributed in a pattern. Probability maps can be created allowing assessments of likelihood of new vol canoes erupting where none has been before. Statistical analysis needs to be informed by geo logical information and models; if the mantle tomographic anomalies indicate distribution of partial melt, they can inform the construc tion of a statistical model. Early attempts ( Figure  2 ) reveal inconsistencies; for example, not all volcanic clusters are located above a tomo graphic anomaly.
Avoiding Active Faults and High Deformation Rates
Japan has many mapped active faults that must be avoided.The possibility of hidden active faults that could disrupt repository host formations over the next tens of thousands of years must also be ruled out by thorough site investigations. Active fault mapping in Japan is advanced [e.g.,Nakata and Imaizumi, 2002] . NUMO considers it possible to map and eval uate active faults using existing technologies. On a finer scale, active faults evolve with time, perhaps switching locus of movement from one strand to another and growing in length. Faulting associated with M>7 earthquakes commonly displays complex surface rupture patterns. Faults may have subsidiary ruptures and associated deformation several kilome ters away from their principal displacement zones.
Surface faulting records large-magnitude earthquakes and represents a long time series of a subset of the regional seismicity record. Location, frequency, and magnitude of histori cal seismicity (Japan has an unusually long written record) provide a basis for forecasting occurrence of large earthquakes associated with surface displacement. Forecasting can be improved by adding the geological record of large earthquakes to the shorter historical record of generally smaller earthquakes. Other possible indicators of hidden, or low activity, faults are uplifted marine/fluvial terraces, high strain rates in geodetic data, and uplift of marine sedimentary rocks above depositional elevation. Rapid uplift rates can exclude a repository site; lower rates may indicate the presence of active hidden faults or signal the potential for future large earthquakes.
Deformation data sets constrain "strain budgets" for regions. For example, plate motion rates derived from seafloor magnetic anomalies, now confirmed with GPS networks, provide direct measurement of the total long-term dis placement that must be accommodated across a plate boundary zone. Japan has the most extensive GPS network in the world, with >1200 stations providing short-term displacement measurements. Seismicity is delineating where much of the movement is localized. Regional patterns of recent faulting and uplift indicate areas of local tectonic movements over longer timescales. By developing quanti tative budgets of displacement, elastic strain accumulation, and strain release, it may be possible to determine whether known active faults in a region are likely to account for all the local plate tectonic displacements and/or are accumulating elastic strain that will be released in large-displacement earthquakes.
The GPS network will enable identification of regions where active movements are fastest and regions of little or no detectable internal strain, and hence apparent tectonic stability Compari son of long-term geological and short-term geo detic and seismic observations may help identify regions favorable for repository siting.
There is substantial uncertainty within each of the direct or proxy deformation data sets, in statistical terms and in whether features or phenomena are truly correlated with deforma tion potential.The use of multiple lines of evi dence or multiproxy analysis of deformation rates to assist repository siting evaluation is an adaptation of probabilistic fault displacement analysis methodology which has the capacity to handle data uncertainty robustly. Monte Carlo sampling of a wide range of model values can also provide insights. From a literaturebased approach, early evaluation of likely suit ability of regions and of volunteer sites may be achieved. As more data become available, uncertainties can be reassessed within a con sistent methodology
Looking Forward
NUMO expects to enter discussions with sev eral volunteer communities before it decides on which site or sites to concentrate its detailed investigations. Potential volcanic impacts and rock deformation will need to be evaluated at some level right up to the point of selection and eventual license application of any site. At present, the emphasis is on avoidance, by excluding locations with a high likelihood of direct impacts in the next tens of thousands of years.
In the future, NUMO may (depending on location) need to assess the potential conse quences associated with low probabilities for non-excluded sites, as well as look at indirect impacts, to decide whether the quantitative risks are acceptably low, meeting any regulato ry requirements that will eventually be in place. The medium-resolution bands on NASAs Moderate-Resolution Imaging Spectroradiometer (MODIS) were successfully used to detect and map the distribution of a harmful phytoplankton bloom in the Paracas Bay Peru, that caused economic losses worth millions of dollars. Routine application of MODIS data can be a valuable and cost-effective way to monitor harmful blooms and other turbid water plumes that cause disruption to the fishery and aquaculture operations of many coastal areas.
Paracas Bay
Paracas Bay is an area off the central coast of Peru (Figure 1) . It is part of the Paracas National Reserve, but at the same time it is an important fishing area which is in close prox imity to fishing industries in the port of Pisco. Around 130 fishing vessels are based in Pisco, and eight fisheries-related factories are located there. Fishing, fish meal manufacturing, and fish and shellfish farming are the region's most important economic activities.These activities are often disrupted by harmful algal blooms that can kill fish and shellfish both by produc ing toxins and causing anoxia (oxygen deple tion) as a result of respiration and decay of the biomass.
In 2003 De CapitaniasY Guardacostas), closed the port on 4 April until April 27 in order to reduce the amount of effluents of the fish meal facto ries. At the same rate of landings, 22 days of port closure meant over 220,000 tons of anchovy and 50,000 tons of fish meal valued at about $27.5 million in lost revenue.
Another sector devastated by the algal bloom was local aquaculture, which reported losses estimated at $1 million. Social unrest such as roadblocks and other manifestations of protest by the population were reported by the press. The main source of conflict is the waste from the fish meal factories.The eight factories in the port have built a pipeline to dispose of huge amounts of the untreated waste outside the bay However, it is widely believed that the disposal of the so-called "sanguaza" ("tail water") is not functioning properly and is still polluting the bay and its surroundings. In a study of a similar harmful bloom in 2000 , Cabello et al. [2002 concluded that the organic matter from fishery effluents, together with the harmful algal bloom, generated a synergistic effect that caused the mass mortality of benthic species.
MODIS Medium-Resolution Bands
The medium-resolution (250-and 500-m) MODIS bands were designed for land applica tions, and their sensitivities are lower than those of the dedicated 1-km ocean bands. Recent work [Hu et al., 2003; Li et al., 2003] has shown that these bands have sufficient sensitivity to be useful in various aquatic applications such as detection and mapping of turbid plumes, oil slicks, and water quality in productive estuaries. Quantitative use of the medium-resolution MODIS bands in ocean applications is hampered by the inadequate sensor calibration, highly problematic Institute, Tokai-mura, Japan.
